statement: Expression of Lamin Dm0 or Kugelkern curb stem cell proliferation by suppression of Jak/Stat signalling.
Introduction
In Drosophila, induced expression of farnesylated Lamin Dm0 (B type lamin) and Kugelkern (Kuk) promote nuclear deformations, DNA damage, reduced heterochromatin and reduced lifespan [4, 1] . While Lamin Dm0 is a typical member of the lamin family Kuk is structurally distinct from lamins and intermediate filament proteins. However similar to lamins it contains a putative coiled coil motif in its Nterminus, a nuclear localization signal (NLS) and a CaaX motif in the C-terminus that facilitates its farnesylation [5] . Functionally Kuk is related to lamins, since expression of Kuk induces similar phenotypes as expression of farnesylated lamins in several cellular systems [5, 4, 28] , including abnormal nuclear morphology, decreased heterochromatin and increased DNA damage [5, 4, 28] .
Expression of farnesylated lamina proteins prelamin A and Progerin has been shown
to effect the proliferation and number of stem cells in mice [12, 33] . We wondered if similar effects are found in Drosophila upon expression of Lamin Dm0 and Kuk and what molecular mechanisms might facilitate these effects.
Adult Drosophila flies contain three proliferative populations of stem cells, stem cells in the germ line, associated somatic follicle cells and intestinal stem cells in the midgut epithelium (ISC) [38, 36, 17, 23, 24] . The midgut has a simple morphological organization and only five major cell types: 1. Intestinal stem cells (ISCs), precursors of EEs and EBs and the main proliferating cells in the midgut [18, 15] 2. Enteroblasts (EBs), progenitor cells for ECs, 3. absorptive enterocytes (ECs) 4. secretory enteroendocrine cells (EEs), 5. viceral muscle cells (Fig. 1A) . These five cell types can be genetically and histologically distinguished [21, 25, 23, 24] . Additional cell types are found in the copper cell region of the midgut which is not topic of this work.
The level of proliferation during homeostasis (standard conditions in the laboratory) is a few mitotic events per gut and a full turnover of the tissue within about two weeks, in females [16] . Following infection with bacteria, the gut regenerates involving a strong induction of ISC proliferation (up to 10 times higher) and rapid tissue turnover [7] . ISC proliferation is regulated by a set of signalling pathways that originate from adjacent cells. ECs and EBs promote ISC division by secretion of cytokines or mitogens which induce JAK/STAT, EGFR/Ras/MAPK, Hippo and Wg/Wnt signalling in the ISCs [2, 3, 6, 16, 34] . Viceral muscle cells induce canonical Wnt, JAK/STAT and EGFR signalling to promote stem cell maintenance over a longer time span and insulin signalling in response to food uptake [20, 21, 22, 39, 9] . ISCs and Enteroblasts often stay in close proximity and regulate their identity and proliferation by Delta/Notch signalling [23, 24, 25] .
Here we investigate whether and how farnesylated proteins Lamin Dm0 and Kuk influence proliferation of ISC in adult Drosophila. We find that both Lamin Dm0 and Kuk strongly suppress ISC proliferation during homeostasis and regeneration. Lamin Dm0 antagonizes the regulation of the cell cycle in that Jak/Stat signalling is suppressed on the level of transcription as indicated by normalization of half of the Jak/Stat target genes in ISCs.
Results
As a starting point, we analysed the dynamics of lamina proteins in the midgut of adult Drosophila [35, 32, 31] . Generally, B type lamins are assumed to be ubiquitously expressed, whereas A-type lamins are assumed to show cell type specific expression [10] . We stained fixed guts with a panel of antibodies specific for lamina proteins to establish their dynamics during differentiation. ISC/EBs were marked by GFP, enterocytes recognized by cell size and polyploid nuclei. We found that Kuk and the LEM domain protein Otefin specifically marked ISC/EBs. Contrary to expectation we found that Lamin Dm0 showed stronger staining in ISC/EBs than EC, whereas the A type lamin, Lamin C was uniformly stained, as is the SUN domain protein Klaroid. The nuclear pore protein Nup50 showed a slight increase in nuclear staining of ECs compared to ISC/EBs ( Fig. 1B, C ).
Dm0 and Kuk inhibit ISC proliferation Expression of Lamin Dm0 and Kuk in adult tissue such as muscle or fat body induces changes in nuclear morphology, increased DNA damage, decreased heterochromatin and reduced lifespan [4] . Here, Lamin Dm0 and Kuk were expressed, additionally to endogenous levels, specifically in ISC/EBs and marked clones (flipout) using temperature sensitive GAL4/GAL80 system [16] . We assayed proliferation by the size of marked clones in female flies.
The relative size of the clones indicate overall proliferation in the period between clone induction and analysis. The relative size of clones gradually increased over about 2 weeks, when the gut finally consisted of only clonal cells ( Fig. 2A ).
Consistent with previous work [16] , the turnover under standard laboratory conditions is about two weeks in females. In contrast, ISC proliferation was completely inhibited by expression of Lamin Dm0 and Kuk in ICS/EB and derived clones. The clones remained small, largely consisting of individual cells. Kuk was slightly less active than Lamin Dm0, as small clones formed after 10 days consisting of a few cells only.
In both cases immunostaining showed increased levels of Lamin Dm0 or Kuk in clones ( Fig. 2B and 2C) , indicating effective overexpression. The phenotype is specific for Lamin Dm0 and Kuk, as expression of a farnesylated version of Lamin C did not affect formation of large clones and thus proliferation of ISCs.
Single cell clones with GFP (clonal expression) were still present after 15 days.
These cells stained for Delta which suggests that they maintained their ISC identity ( Fig. 2D ). This indicates that long term exposure to high Lamin Dm0 levels does not alter ISC identity or induces loss of ISCs.
In addition to homeostatic conditions we also tested proliferation during regeneration of the gut after bacterial infection. Feeding flies with pathogenic bacteria such as Ecc15, induces a regeneration response, including a boost in ISC proliferation [7] .
Following expression of Lamin Dm0 in ISC/EBs for 8 days and short starvation, flies were fed with Ecc15 bacteria (Fig. 3A ). We measured the proliferative response by the number of mitotic cells per gut ( Fig. 3B ). Compared to control flies, which were fed by E. coli (DH5α), infection by Ecc15 bacteria significantly increased proliferation.
Expression of Lamin Dm0 in ISC/EBs strongly reduced proliferation by about half ( Fig. 3C ). Our data show that expression of Lamin Dm0 in ISC/EBs suppresses their proliferative response and thus tissue turnover under homeostatic conditions as well as during regeneration following bacterial infection.
Lamin Dm0 does not directly inhibit cell cycle progression
The activity of Lamin Dm0 may be due to specific modulation of the cell cycle, e.g. activation of a checkpoint and cell cycle stage-specific arrest. Alternatively, Lamin Dm0 may act indirectly by suppression of a proliferative signal. We employed the FUCCI system in a version adopted to Drosophila [40] To further support a specific regulatory function on the cell cycle, we sought for a proliferative situation independent of Lamin Dm0. Activation of the Notch/Delta pathway is a potent inducer of proliferation. Depletion of Notch by RNAi induces a tumor-like proliferation of ISC cells [25] . We depleted Notch in ISCs/EB cells, which as expected led to strong ISC proliferation, as indicated by the clone size and high number of small cells. A similar phenotype was observed with concomitant expression of Lamin Dm0. Strong staining of Lamin Dm0 showed that expression of Lamin Dm0 was effective ( Fig. 5 ). As Notch/Delta induced proliferation was observed while Lamin Dm0 was overexpressed, Lamin Dm0 appears not to directly target the cell cycle machinery but rather an upstream regulatory signal independent of Notch/Delta.
Lamin Dm0 and Kuk inhibit Jak/Stat induced proliferation
The Jak/Stat pathway is one of several pathways that transduce proliferative signals in the midgut. Jak/Stat signalling is induced by the cytokine Unpaired (Upd) and its receptor Domeless (Dome) and plays an essential role in controlling ISC proliferation and tissue turnover under homeostatic and regenerative conditions. We induced ISC proliferation by Upd expression in flipout clones and assessed proliferation by clone size. This led to complete tissue turnover in less than five days, which is consistent with previous reports [16] . In contrast, almost only single cell clones and a strong reduction in clone size were observed following coexpression of Lamin Dm0, suggesting an strong suppression of Jak/Stat signalling by Lamin Dm0 ( Stat is generally regulated by phosphorylation, which leads to nuclear import [29] .
We first stained midgut tissue with a Stat antibody recognizing both phosphorylated and unphosphorylated forms. We detected nuclear localization of Stat in ISC/EBs and overlapping staining with endogenous Lamin Dm0 following Upd expression . Surprisingly about half of the Jak/Stat target genes were normalized to levels within the twofold threshold ( Fig. 7C ). Sorting of the Jak/Stat target genes according to the degree of up-or downregulation shows, that both strong and weak target genes were normalized by Lamin Dm0 (Fig. 7C ). Only the very strong target genes as a class remained outside of the 2x threshold. In few cases Lamin Dm0 even reverted upregulated transcripts of considerably high copy numbers to a level of significant downregulation.
These data suggest that Lamin Dm0 has a distinctive, target specific, effect on the transcription profile of Jak/Stat target genes. It is therefore unlikely that Lamin They are associated with gene silencing and potential regulation of developmental genes [27, 13] . To test an involvement of LADs in normalization of Jak/Stat targets by Lamin Dm0, we asked how many of the normalized target genes fall into LADs.
Of genes that had significantly downregulated gene expression upon Dm0 expression 337 were found in LADs while 606 were found outside of LADs ( Fig: S3C and S3D). So 35.7% of genes that had significantly reduced expression upon Dm0 expression were located in LADs. A similar ratio for genes in LADs was found for genes that had significantly upregulated gene expression upon Dm0 expression (35.1%). However of all genes annotated in Drosophila 39.5% are found in LADs.
Thus genes affected by Lamin Dm0 expression are equally likely to be associated with LADs than the general average of all genes. These comparisons indicate that genes inside or outside of LADs are equally likely to be affected by Lamin expression.
Lamin Dm0 null clones do not show altered proliferation
The induced expression of Lamin Dm0 and Kuk in ISC/EBs reveals an antiproliferative activity of these genes. To test whether these genes also have a function in homeostasis and regeneration of the midgut tissue, we analysed loss-offunction situations. Kuk-null homozygous flies are viable and fertile [5] . We did not observe any differences to wild type flies in number of ISC/EBs cells, indicating that Kuk is not required for ISC proliferation. In contrast to Kuk, Lamin Dm0 is partly required for viability. Only few Dm0-null mutant flies reach the adult stage [26] . To test for a function of Lamin Dm0 in ISC proliferation, we induced positively marked clones of Lamin Dm0 mutant cells within a wild type gut. As Lamin Dm0 clones were induced only in some ISCs, the clonal cells were in competition with wild type cells.
Clonal cells contained no or only low levels of Lamin Dm0 persisting from the clonal mother cell, as demonstrated by immunostaining. Clone size did not differ noticeably between wild type and Lamin Dm0 clones even after 15 days. This indicates that Lamin Dm0 has no essential and unique function in homeostasis of the midgut possibly due to functional redundancy with other lamina proteins. Similarly, we could not detect a function of Lamin Dm0 in regeneration following bacterial infection.
Firstly, we did not observe a difference in clone size following Pseudomonas entomophila infection 5 weeks after clone induction ( Fig. S4A and S4B) . Secondly, the proliferation was not different in Lamin Dm0 clones and wild type guts following infection with Ecc15 bacteria for 10h ( Fig. S4C) . These experiments indicate, that Lamin Dm0 is not required for proliferation of ISCs in the midgut during homeostasis and regeneration or that residual protein levels, originating from the ISC that formed the mutant clone, are sufficient to maintain its function.
Discussion
Expression of farnesylated lamina proteins can cause ageing associated phenotypes and progeroid diseases in humans and animal models. For instance expression of permanently farnesylated LaminA (Lamin50/Progerin) causes the Hutchinson Gilford Progeria syndrome (HGPS) which strongly reduces life span and causes several cellular and physiological effects reminiscent of ageing. How the cellular effects translate into the physiological effects is unclear but it is hypothesized that impairment of stem cells function might play a significant role. HGPS was modelled in mice where expression of Prelamin A or Progerin induces similar effects and stem cell numbers were found to be reduced [12, 33] . However how expression of farnesylated proteins might affect stem cell function is not well understood.
We investigated the activity of the farnesylated lamina proteins Lamin Dm0 and Kugelkern in Drosophila flies. We have previously shown that induced expression elicits ageing associated phenotypes on cellular and organismal levels, including shortened life span [4] . We now employed 
Materials and methods

Genetics
Drosophila stocks
In all experiments female Drosophila melanogaster fruit flies were used, aged 2 days to 5 weeks, dependent on the experiment. 
Flipout, MARCM clones
Flipout clones were induced, by temperature shift to 29°C, continuously for 5 days.
MARCM clones were induced by temperature shift to 37°C, for 1 h, at 3 consecutive days. In both cases flies were collected 3-6 days after eclosion. 
Histology
Nup50
Jörg Großhans [5] [5] After FACS, the sorted cells, in RNA extraction buffer, were incubated in a thermomixer at 42°C for 1 h. Then 500 l 70% RNAse free Ethanol was added, mixed well and the solution was applied to two extraction columns in volumes of 270 µl.
Secondary antibodies
RNA-seq
The columns were centrifuged 2 min at 100 g, to bind the RNA, followed by 30 s at 16000 g. The flow-through was discarded, 100 µl Wash buffer 1 applied to each column followed by 1 min centrifugation at 8000 g.
The total RNA sequencing procedures were performed by the "Microarray Core Facility". Medizinische Fakultät Georg-August-Universität Göttingen, using the Illumina "sequencing-by-synthesis" technology.
Bacterial infection
100mlLB-medium were inoculated with Erwinia carotovora carotovora (Ecc15), Pseudomonas entomophila (P.e.) or E. coli (DH5α) bacteria and incubated at 30C, overnight. The culture was centrifuged at 3466 g for 15 min, the pellet resuspended in 5 ml PBS + 5 % Sucrose and mixed with the upper food layer of a small fly food vial (without preservatives). A piece of filter paper was inserted into the vial and attached above the agar layer, without making contact, forming a platform for flies to rest and clean. To facilitate proper uptake of the solution the flies were kept without food and water for 6-10 hours, before being transferred to the prepared vial. The flies were kept exposed to the Ecc15 for 12 h and then dissected. 
Acknowlegements
Competing interests
The authors declare no competing interests. 
Data availability
